A large number of experiments show that perisaccadic flash mislocalization can vary according to the spatial location of the flash relative to the saccade, especially in the presence of background stimuli. The temporal attributes of this mislocalization suggest that, around the time of a saccade, a transient compression of visual space occurs. The present study offers a model to account for such compression. A basic aspect of the model is that the mislocalization is a consequence of flash retinal signal persistence interacting with an extraretinal signal. Of central importance, however, the model suggests that the extraretinal signal is different when a saccade occurs in the dark from when a saccade occurs with background stimuli. In the dark, the extraretinal signal begins to change with little or no time difference from one retinal locus to another, resulting in little or no compression. However, in the presence of background stimuli, the extraretinal signal begins at considerably different times across the retina, giving rise to a large amount of compression.
Introduction
When we make a saccadic eye movement in the everyday environment, the various objects in visual space appear to remain stable even though, due to the saccade, the retinal image of the objects shifts across the retina. An account of this stability of visual space was offered early on by von Helmholtz (1866), Hering (1879) and Sherrington (1898 Sherrington ( , 1918 , each suggesting that, in one way or another, the stability is a consequence of an extraretinal (exR) signal that has the effect of canceling out the perception of the retinal image shift. However, no sustained research effort on this issue began until the work of Leonard Matin and his colleagues (Matin, 1972 (Matin, , 1976 Matin, Matin, & Pearce, 1969; Matin, Matin, & Pola, 1970; Matin & Pearce, 1965; Pola, 1973 Pola, , 1976 . In Matin's experiments, subjects reported on the perceived location of a perisaccadic target flash relative to a fixation target that was viewed and extinguished prior to the occurrence of the saccade. Other than the fixation target, the target flash, and a saccadic goal target presented briefly, the experiments were conducted in complete darkness, without any background stimuli. These experiments showed that the flash was mislocalized just before the saccade, during the saccade, and for a short period of time after the saccade. The characteristics of the mislocalization could be interpreted as reflecting the time course of an exR signal that began to change before the saccade, and continued to change slowly during and following the saccade. Subsequent to Matin's work, several variants of the target flash technique were used to investigate perisaccadic perception, such as setting a cursor to the perceived location of the target flash (Honda, 1990 (Honda, , 1991 , pointing with arm-hand towards the flash (Bockisch & Miller, 1999) , or making a second saccade to the flash (Bockisch & Miller, 1999; Dassonville, Schlag, & SchlagRey, 1992) . In general, the important outcome was that, regardless of procedure, the target flash was mislocalized, suggesting the existence of an anticipatory, slow exR signal.
One of the issues in these experiments is the way in which target flash mislocalization can vary as a result of the spatial location of the flash with respect to the saccade. Several studies suggest that when a saccade occurs in the dark, the overall features of flash mislocalization are roughly the same regardless of the location of the flash (Awater & Lappe, 2006; Honda, 1993; Lappe, Awater, & Krekelberg, 2000) . Specifically, a flash located anywhere from before to beyond the endpoint of the saccade tends to be mislocalized in the saccade direction prior to the saccade and opposite to the saccade direction shortly after the saccade. However, when a saccade occurs in the face of background stimuli, the perceptual outcome is somewhat different (Awater & Lappe, 2006; Honda, 1993; Lappe et al., 2000; Morrone, Ross, & Burr, 1997) . That is, a flash located before the endpoint of the saccade tends to be mislocalized to a substantial extent in the saccade direction, whereas a flash located beyond the endpoint of the saccade tends to be mislocalized largely, if not completely, in the opposite direction. This finding, with background stimuli, that flashes before and beyond the endpoint of the saccade are likely to be mislocalized in opposite directions, has been interpreted as showing a perisaccadic compression of visual space.
A number of different explanations have been offered for this perceptual compression. Honda (1993) suggested that the compression comes from several mutually interacting visual processes. These include an exR signal that changes before, during and after a saccade; a shift in visual attention from one location to another in association with the saccade; and background stimuli that can influence the perception of location. In contrast to Honda's account, Morrone Ross, and Burr (1997) proposed that around the time the exR signal is generated, an associated inverse gaussian signal occurs, resulting in compression. One way in which this signal could give rise to the compression (Ross, Morrone, Goldberg, & Burr, 2001 ) is via a time varying change in the conformation of visual receptive fields. In another type of account, van Rullen (2004) suggested that the compression arises from cortical magnification, i.e., the fact that the amount of visual cortex for a stimulus in the central (foveal) visual field is greater than for a stimulus in the peripheral visual field. According to this conception, a saccade results in a shift in reference frame from the cortical representation of the foveal fixation target to that of the peripheral goal target. The consequence of this shift, given cortical magnification, is that spatial locations appear to be closer to the goal target than they actually are. Hamker, Zirnsak, Calow, and Lappe (2008) offered what is perhaps the most detailed physiological explanation of compression. In their work, a target flash produces a visual cortical response whose spatio-temporal features are a result of cortical magnification. When a saccade occurs around the time of the flash, a motor feedback signal is generated that interacts with the visual response with at least two consequences. One is that the feedback signal enhances the visual response and thus the perception of the flash. The other, however, is that it distorts the visual response, giving rise to mislocalization and compression.
Recently, Pola (2004 Pola ( , 2007a presented a model which suggests that perisaccadic target flash mislocalization in the dark may not come simply from the effects of an exR signal, but instead, may be a consequence of flash retinal (R) signal persistence interacting with the exR signal. The basic idea of this R-exR model is that the flash R signal can persist for up to several hundred ms, and that this persistence, to the extent that it overlaps with the time-course of the exR signal, plays a substantial role in determining where the flash is seen. (See Section 2 for additional details).
Given that the R signal interacting with the exR signal can have a notable influence on flash mislocalization, it is important to consider whether the features of mislocalization responsible for compression of visual space might be a consequence of the R signal together with some variant of the exR signal. In contrast to previous attempts to account for compression (see above), the R-exR model raises the possibility that the main features of compression do not involve a special process in addition to R and exR signals. Instead, it suggests that the compression comes largely from the way in which the exR signal changes with respect to the retina. Roughly speaking, when a saccade is made in the dark, the model posits that the onset time of the exR signal is roughly the same from one retinal locus to another. The consequence of this is only a small amount of compression or no compression. However, in the presence of background stimuli, the model proposes that the onset time of the exR signal varies in a systematic manner across the retina. In this case, the result is a relatively large amount of compression. In addition to the R-exR model, the present work also considers how the R signal interacting with background stimuli may be responsible for some of the variation in compression that occurs from one experimental study to another. These results have been reported in preliminary form (Pola, 2007b) .
Methods

General features of the model
All R-exR model simulations were performed with the ASYST data acquisition system (Keithley Instruments Inc., 1992). The version of the model used throughout most of this study is illustrated in Fig. 1a. (Several other versions of the model are also considered -see below.) The model can be regarded as consisting of four components: a saccadic eye movement mechanism (SACC), a retinal (R) signal path, an extraretinal (exR) signal path, and a visual perception mechanism (PERCEPT). The overall function of the model is fairly straightforward: SACC generates an efferent signal that goes to the oculomotor plant (PLANT) to create a saccadic change in eye position E. Along with the efferent signal, SACC produces an exR signal (a saccade replica signal) that travels via the exR signal path to PERCEPT. Before, during or after the saccade, a target flash occurs which creates a R signal. This signal travels via the R signal path to PERCEPT where it interacts with the exR signal resulting in perception of location.
The computer instantiation of the R-exR model produces an efferent signal for specific saccadic amplitudes (8°, 10°or 20°). However, to illustrate plausibly the saccadic system, Fig. 1a includes variable target position T, error signal e r (the difference between position of T and E), a saccadic trigger signal Trig, and a switch S. These correspond to presumed entities that mediate the occurrence of a saccade, i.e., when T is present, Trig closes S so that e r is able to activate SACC.
Saccadic eye movement generator
SACC is comprised of a pulse generator and integrator. Details of this type of mechanism are provided in Pola (2002) . In brief, the pulse generator creates a pulse signal, and the integrator turns this pulse into a step signal. The resulting pulse-step, interacting with PLANT, produces a saccadic eye movement (Fig. 1b) . PLANT consists of a second-order transfer function 1/(sT 1 + 1)(sT 2 + 1), with time-constant T 1 = 150 ms, and time-constant T 2 = 7 ms (Robinson, 1973) .
R signal path
The R signal path involves time-delay RDt followed by transfer function 1/(sT R + 1) 5 , i.e., a fifth-order lag. The time-delay is 25 ms, determined from studies showing that the response latency of visual cortex to target flashes ranges from 20 to 60 ms (Duysen, Orbans, Cremieux, & Maes, 1985; Foxe & Simpson, 2002; Schmolesky et al., 1998) . The fifth-order lag (a low-pass filter) is a cascade of five first-order lags, each with time constant T R = 15 ms. The order and time-constant of the lag were determined from the attenuation function for the critical flicker-fusion response obtained with a small target (de Lange, 1954 (de Lange, , 1958 Kelly, 1959 Kelly, , 1961 . The slope of the function's high-frequency asymptote gives the order of the system, and the reciprocal of the function's break-frequency x (the intersection of the low and high-frequency asymptotes) gives the time-constant (at least in the case of an nth-order single timeconstant system). A small target flicker-fusion response was used instead of a large field response because the small target is most like the targets used for the flash in experiments on perceived location (for more details see Pola, 2004) . The target flash in the model used here has a duration of 5 ms. When the target flash (a pulse) impinges upon the R signal path, the combination of the time-delay and fifth-order lag results in an R signal that is delayed by 25 ms and persists for about 200 ms (Fig. 1b) .
exR signal path
SACC not only produces an efferent pulse-step signal, but also an exR signal (a saccade replica signal). This signal goes to the exR signal path which consists of time-component exRDt and transfer function 1/(sT exR + 1) 3 , i.e., a third-order lag. The timecomponent determines the onset time of the exR signal relative to the saccade, which ranges from À26 to +76 ms (according to the data being simulated). The third-order lag is a cascade of three first-order lags, each with time constant T exR = 20 ms. With these parameters, the resulting exR signal begins to change around the time of or shortly after a saccade, at a rate somewhat slower than the saccade (Fig. 1b) . A virtue of this particular exR signal is that it yields flash mislocalization remarkably similar to what has been found in a variety of empirical studies (e.g., Honda, 1990 Honda, , 1993 .
Visual perception mechanism
The R and exR signals come together and interact at the visual perceptual mechanism PERCEPT. This interaction results in the perceived location (PL) signal. [In previous work, the PL signal was called the psych.exR signal (Pola, 2004) and the psychPL signal (Pola, 2007a) .] For a single target flash, the PL signal arises from the R and exR signals according to the expression
where R(t) represents the R signal at time t, exR(t) represents the exR signal at t, the limits of integration from t A to t B give the duration of R signal persistence, and k is a proportionality constant chosen so that the amplitude of the PL signal is about the same as that of the concurrent saccade. According to this equation, the PL signal is a consequence of the interaction (the product) of the R and the exR signals over the duration of the R signal persistence. Since the R signal and the exR signal are P zero, the PL signal is always P zero. The R signal at each time t may be thought of as a weighting factor for the exR signal at t. Thus, when the R signal has large amplitude, the corresponding exR signal makes a large contribution to the PL signal, but when the R signal has small amplitude, the corresponding exR signal makes a small contribution.
The PL signal and flash mislocalization
The above quantitative expression represents the PL signal at a particular time, i.e., the time of a single target flash. To find out how the PL signal changes over time, single flashes are presented at 10 ms intervals ranging from 300 ms before a saccade until 300 ms after the saccade. The PL signal is found for each of the flashes, and plotting these values over time shows how the PL signal changes before, during and after a saccade (Fig. 1c) . Mislocalization of each flash is derived from the PL signal according to the equation , an extraretinal (exR) signal path, a retinal (R) signal path, and a perceptual mechanism (PERCEPT), SACC produces an exR signal (along with a pulse-step resulting in saccadic eye movement E), and a target-flash produces R signal persistence. These two signals, via their respective pathways, travel to PERCEPT where they interact to create a perceived-location (PL) signal. (b) A single flash and its R signal persistence are shown occurring well before a saccade and exR signal. In this example, the R signal does not temporally overlap the exR signal. It should be noted, however, that a flash occurring just before, during or shortly after the saccade would result in an R signal that overlaps and thus interacts with the exR signal. (c) The PL signal, coming from the interaction of the R and exR signals, changes in advance of and more slowly than the exR signal. (d) Flash mislocalization and its temporal features arise from the difference between the PL signal and saccade. mislocalization ðtÞ ¼ PLðtÞ À EðtÞ;
where PL(t) represents the PL signal at time t, and E(t) is the eye position at t. The mislocalization values show how perception of the flash changes in association with the occurrence of a saccade (Fig. 1d) .
2.7. The model explores different ways in which the exR signal might vary across the retina As pointed out in the Introduction, a main purpose of this study is to consider how the onset time of the exR signal might be involved in perception of flash location. The R-exR model suggests that the simplest situation is an exR signal that has the same onset time for all retinal loci. Thus, in the case of a rightward saccade, the exR signal has the same onset time for retinal loci stimulated by a flash in the left visual field, for retinal loci stimulated by a flash in the central visual field, or for retinal loci stimulated by a flash in the right visual field. However, according to the R-exR model, most of the situations considered here are a bit more complex. For instance, with a rightward saccade, the exR signal starts to change relatively early for retinal loci stimulated by a flash in the left visual field, somewhat later for retinal loci stimulated by a flash in the central visual field, and even later for retinal loci stimulated by a flash in the right visual field.
Other versions of the model
The primary focus of this study is the R-exR model whose R path transfer function is a fifth-order lag (T R = 15 ms), and exR signal transfer function is a third-order lag (T exR = 20 ms). These transfer functions produce specific R and exR signals (see Fig. 1 ). However, given that stimuli and mislocalization vary from one experiment to another, it seem likely that both R and exR signal characteristics would also vary. Thus, besides this model, other versions of the model are considered to explore how different R and exR signals might affect perception. In these models, the R path transfer function is either a fifth-order or second-order lag (both with T R = 15 ms). These transfer functions produce what, in this paper, are called ''long,'' and ''short'' R signal persistence, respectively. The exR path transfer function is either a third-order, second-order, first-order (all with T exR = 20 ms) or zero-order lag. These produce a ''moderately-fast,'' ''fast,'' ''very-fast'' and a ''saccade-fast'' (as fast as a saccade) exR signal. Besides the transfer functions, the exR signal onset time varies from 0 ms to as much as 160 ms.
Results
In the following, we examine the findings of two empirical studies of target flash mislocalization and compression, and the manner in which the R-exR model (as illustrated in Fig. 1 ) is able to account for the findings. First, we consider some of the results obtained by Honda (1993) who investigated perisaccadic flash mislocalization in the dark and with background stimuli. Following that, we look at the work of Morrone et al. (1997) , concerned with perisaccadic flash mislocalization in the presence of a background.
Honda's data
Honda (1993) explored perisaccadic target flash mislocalization both in the dark and with a background. Subjects made an 8°sacc-adic eye movement from À4°to +4°(where 0°was straight ahead and the +4°was to the right). The target flash was a yellow lightemitting diode, 0.3°in diameter, presented for a duration of 2 ms. In the dark condition, the flash occurred without any other visual stimuli, and in the background condition, the flash occurred against a dimly illuminated screen with a map of Japan drawn with white ink on the screen. For both of the conditions, the mislocalization data come from one of two subjects (the data being similar for the two subjects).
Flash mislocalization in the dark
The top graphs of Fig. 2 show perisaccadic target flash mislocalization in the dark as a function of time (Honda, 1993) . A central finding was that the mislocalization changed over time in roughly the same manner whether the flash was located at À8°, 0°or +8°. For each flash, the mislocalization shifted in the direction of the saccade before the saccade, and in the opposite direction during and after the saccade. Thus, in this study, a target flash in the dark resulted in essentially no visual compression. An important aspect of the data is that for each flash, the mislocalization in the direction of the saccade had a peak near the onset of the saccade, whereas the mislocalization in the opposite direction had a trough clearly after the onset, i.e., the peak occurred prior to the trough.
The middle and bottom graphs of Fig. 2 present the R-exR model's account of these data. The middle graphs show the exR signal and PL signal along with the duration of saccadic eye movement (represented by the horizontal gray bars), while the bottom graphs show the consequent flash mislocalization. A primary feature of the exR signal is that its onset time (exRDt -see Section 2) occurs at +40 ms (i.e., shortly after the saccade onset) whether the flash takes place at À8°, 0°or +8°. Since the exR signal begins at the same time for each of the three flashes, the R signal interacting with the exR signal results in a PL signal (see Section 2) that begins at about À100 ms (i.e., somewhat before the saccade) for each of the flashes. The PL signal, changing before, during and after the saccade, is responsible for flash mislocalization occurring in the saccade direction before the onset of the saccade and in the opposite direction after the onset. For each flash, the mislocalization has a peak at the saccade onset, followed by a trough near the saccade termination. Thus, the mislocalization shows no compression, similar to what was found by Honda (1993) .
Flash mislocalization with a background
The top graphs of Fig. 3 show target flash mislocalization in the presence of background stimuli, plotted against time (Honda, 1993) . In this condition, the mislocalization differed from one flash location to another. For the flash at À8°, the mislocalization first shifted in the same direction as the saccade, and then in the opposite direction. However, for the flash at 0°, much of the mislocalization was in the opposite direction, and for the flash at +8°, virtually all of the mislocalization was in the opposite direction. In short, a flash presented against a background resulted in substantial visual compression. An important aspect of the mislocalization is that for the À8°and 0°flash, a peak occurred at about the onset of the saccade, whereas for all of the flashes, and especially the +8°flash, a trough occurred after the onset.
The R-exR model's account of flash mislocalization with a background is illustrated in the middle and bottom graphs in Fig. 3 . Once again, the middle graphs show the exR signal, PL signal and saccade duration (gray bars), and the bottom graphs show flash mislocalization. In contrast to Fig. 2 , the exR signal onset time is different from one flash location to another: the exR signal begins at +40 ms for the À8°flash, at +56 ms for the 0°flash, and at +72 ms for the +8°flash. Therefore, the difference in onset time of the exR signal is 32 ms from the À8°to the +8°flash. This difference suggests that the change in onset of the exR signal across the retina is more or less 2 ms/deg (assuming, of course, that the change across the retina is continuous -see Section 4). The R signal interacting with the exR signal produces a PL signal that starts at -160, À144 and À128 ms for the À8°, 0°and +8°flashes, respectively. The variation in onset of the exR signal, and consequent var- Honda, 1993) . The data are from a single subject who made an 8°saccade from À4°to +4°. Mislocalization of the À8°, 0°and +8°flashes were all in the saccade direction prior to the saccade, and in the opposite direction during and after the saccade. This similarity in mislocalization from one target to another indicates no compression. Middle graphs: The manner in which the R-exR model explains, in terms of exR signals and PL signals, Honda's (1993) data on mislocalization in the dark. The horizontal gray bars give saccade duration. As indicated by the arrows, the exR onset time is +40 ms for all target flashes. Bottom graphs: Since the exR signal onset time is the same for all flashes, the resulting mislocalization shows no compression. Honda, 1993) . Data are from a single subject (the same as in Fig. 2 ) who made an 8°saccade from a À4°to +4°. The mislocalization was both in the saccade direction and in the opposite direction for the À8°flash, but mostly in the opposite direction for the 0°and the +8°flashes. These differences in mislocalization across targets indicate significant compression. Middle graphs: exR and PL signals used to explain Honda's (1993) data on mislocalization with a background. Gray bars show saccade duration. The exR signal onset time is +40 ms for the À8°flash, +56 ms for the 0°flash, and +72 ms for the +8°flash. Bottom graphs: A result of this difference in exR signal onset times is compression. iation in onset of the PL signal, gives rise to clear differences in mislocalization across flashes. That is, for the À8°flash, the mislocalization shifts by about the same amount in the saccade direction and in the opposite direction, for the 0°flash, the mislocalization shifts less in the saccade direction than in the opposite direction, and for the +8°flash, the mislocalization is almost completely in the opposite direction. Furthermore, for the À8°and 0°flash, a peak of mislocalization occurs at the onset of the saccade, and for all of the flashes a trough of mislocalization occurs around the end of the saccade. Overall, the model's response, similar to Honda's data, shows compression.
Morrone, Ross and Burr's data
The second study considered here was conducted by Morrone et al. (1997) . In this work, target flash mislocalization was investigated in the presence of background stimuli. Subjects made a 20°s accade from a fixation target located at À10°(left of straight ahead) to a goal target located a +10°(right of straight ahead). The target flash was a vertical bar (4°Â 50°) presented for duration of 8 ms, and the background consisted of a visual display screen (70°Â 50°) surrounded by a white-card border. In addition, both the fixation and goal target were present at the time of the target flash, whether the flash appeared before, during or after a saccade. The findings presented in the top graphs of Fig. 4 are the mean of two subjects' data. Mislocalization for the flashes located at À20, À7 and 0°was largely in the saccade direction showing a peak at about saccade onset, whereas mislocalization for the flash at +20°was in the opposite direction with a trough, also near the onset. Thus, once again we see considerable visual compression.
The R-exR model's responses corresponding to these results are shown in the middle and bottom graphs of Fig. 4 . Similar to the model's account of Honda's findings with background stimuli, the onset time of the exR signal varies from one flash location to another. That is, the exR signal starts at À26 ms for the À20°flash, at 0 ms for the À7°flash, at +26 ms for the 0°flash, and at +78 ms for +20°flash. Thus, the difference in onset time of the exR signal is 104 ms from the À20°to the +20°flash. This can be taken to mean that the change in onset of the exR signal across the retina is 2.6 ms/deg. [It should be noted that this change is similar to that suggested by Honda's (1993) data in Fig. 3 .] The R signal together with exR signal gives a PL signal whose onset time ranges from about À225 to À100 ms. This variation in the PL signal results in mislocalization very much in the saccade direction for the À20°, À7°and 0°flashes, but in the opposite direction for the +20°flash. That is, compression occurs between the flashes before and after the endpoint of the saccade, as found by Morrone et al. (1997) . It should be noted that the peaks for the À20°, À7°and 0°flashes occur near the onset of the saccade, similar to the peaks in the subjects' data. However, the trough for the +20°flash occurs toward the end of the saccade, whereas the subjects' trough was situated just after the onset (see Section 4 for an account of this difference).
Other versions of the model
The R-exR model used for the above simulations (i.e., involving a R path fifth order-lag and a exR path third-order lag -see Fig. 1 ) is able to explain most of the features of flash mislocalization and compression. Nevertheless, since stimuli and mislocalization vary across experiments, it is worthwhile to look at how variation in the model's R and exR signals affects its perceptual behavior. Fig. 5 shows the model's peak and trough amplitude of mislocalization plotted as a function of exR signal onset time (exRDt) when R signal persistence of either ''long'' or ''short'' duration (coming from either a fifth-order or a second-order lag) interacts with an exR signal that varies from ''moderately-fast'' to ''saccade-fast'' (arising from a third-order to a zero-order lag). Thus, in the left column, R signal persistence is ''long'' and in the right column the R Fig. 4 . Top graphs: Perisaccadic flash mislocalization in the presence of background stimuli (adapted from Morrone et al., 1997) . Each data point is the mean result of two subjects who made 20°saccades from À10 to +10°. Mislocalization of the À20°, À7°and 0°flashes was essentially in the saccade direction, whereas mislocalization of the +20°flash was notably in the opposite direction. These data can be characterized as showing strong compression. Middle graphs: The way in which exR signals and PL signals explain Morrone, Ross and Burr's (1997) findings on mislocalization in the face of background stimuli. Gray bars give saccade duration. The exR signal onset time varies from À26 ms for the À20°flash to as much as +78 ms for the +20°flash. Bottom graphs: A consequence of the range of exR signal onset times is compression. signal persistence is ''short,'' and in each of the columns, the exR signal (from top to bottom) is ''moderately-fast,'' ''fast,'' ''veryfast,'' and ''saccade-fast.'' The R signal delay (RDt) is fixed at 25 ms in all cases (see Section 2).
The top left graph shows peak and trough amplitude of mislocalization produced by the R-exR model used thus far (see Fig. 1 ) when the saccade amplitude is 10°. In all of the other graphs, this response (dashed lines) serves as a baseline comparison. A general finding for each R signal persistence and exR signal is that peak amplitude is larger than trough amplitude when the exR onset time is short, but that peak amplitude decreases and trough amplitude increases as exR signal onset time increases.
Furthermore, as the exR signal changes, there is an associated change in the ratio of peak amplitude to trough amplitude at each exR signal onset time. This is clearly illustrated by the fact that as the exR signal varies from ''moderately-fast'' to ''saccade-fast,'' the exR signal onset time at which peak amplitude becomes equal to trough amplitude (shown by the vertical solid line), increases. For example, in the left column of graphs, the ''long'' R signal persistence interacting with the ''moderately-fast'' exR signal results in peak amplitude roughly the same as trough amplitude at around exRDt = +40 ms. But as the exR signal increases to ''fast,'' ''veryfast,'' and ''saccade-fast,'' peak amplitude becomes about the same as trough amplitude at about exRDt = +60, +80 and +100 ms, respectively. Another general result is that as R signal persistence goes from ''long'' to ''short,'' the exR signal onset time at which each exR signal first gives peak amplitude roughly the same as trough amplitude (shown by the vertical solid line), decreases. Thus, for example, when R signal persistence is ''long,'' the ''fast'' exR signal shows peak amplitude about the same as trough amplitude when exRDt = +60 ms, but when the persistence is ''short,'' the ''fast'' exR signal shows peak amplitude the same as trough amplitude when exRDt = +20 ms.
Discussion
This paper is about mechanisms involved in the perception of target flash mislocalization around the time of a saccadic eye movement, and especially those responsible for mislocalization showing compression of visual space. The R-exR model offered here raises the possibility that the exR signal underlying perisacc- . Peak and trough amplitude of flash mislocalization produced by the R-exR model with a R signal of long duration (left column) or short duration (right column), and an exR signal which is moderately-fast, fast, very-fast or saccade-fast. The peak-trough response of the model in Fig. 1 (whose exR and PL signals appear in Figs. 2-4) is presented in the top left graph (solid lines) and also is replicated for the sake of comparison in all of the other graphs (dashed lines). A main feature of each R-exR signal combination is that peak amplitude decreases and trough amplitude increases as the exR signal onset time (exRDt) increases. Furthermore, as the exR signal varies from moderately-fast to saccade-fast, the exRDt at which peak amplitude becomes equal to trough amplitude (shown by vertical lines) increases. adic mislocalization can vary across the retina, depending on overall stimulus circumstances. According to the model, target flash mislocalization in the dark, showing essentially no compression (Honda, 1993) , is a consequence of an exR signal that begins to change at more or less the same time for all flash locations Thus, in the dark, the exR signal starts at about the same time across the retina. On the other hand, the model proposes that target flash mislocalization in the presence of background stimuli, showing compression (Honda, 1993; Morrone et al., 1997) , is best explained by an exR signal that begins to change at substantially different times as flash location varies. That is, with background stimuli the exR signal starts at notably different times across the retina.
The R-exR model finds support in variety of both perceptual and physiological studies. In the following discussion, this support is considered in the context of the main functional components of the model.
The exR signal, PL signal and flash mislocalization
The variation in the exR signal onset time may be understood as a consequence of at least two possibilities: One is that the exR signal onset time is roughly the same within a retinal region associated with a given target flash, but varies in a discrete manner from one region to another. The other is that the exR signal onset, independent of target flash, varies in a continuous manner across the retina. Although the first possibility cannot be categorically rejected, an exR signal dependent on an association between retinal region and flash location seems contrived. In contrast, the second possibility, involving an exR signal that varies continuously, would appear to have some physiological plausibility.
Assuming the exR signal onset time varies continuously, it should be noted that even though saccade size and range of target flash locations were different in Honda's (1993) experiment from those in Morrone, Ross and Burr's (1997) work [an 8°saccade with flash locations from À8°to +8° (Honda, 1993 ) versus a 20°saccade with flash locations from À20°to +20° (Morrone et al., 1997) ], the R-exR model indicates that the change in exR signal onset time is about the same in the two studies: 2 ms/deg for the data in Fig. 3 and 2 .6 ms/deg for the data in Fig. 4 . In short, even with substantial differences in experimental parameters, the exR processes appear to be remarkably similar.
In line with this general conception, the R-exR model is able to generate peaks and/or troughs similar to what is found in the experimental data presented in this paper. Thus, the model is able to produce flash mislocalization showing a peak and a trough as in Figs. 2 and 3, a peak with little or no trough, or a trough with little or no peak as in Fig. 4 . Such peaks and troughs are found as well in a substantial number of other studies concerned with mislocalization and compression (e.g., Awater & Lappe, 2006; Ostendorf, Fischer, Finke, & Ploner, 2007; Richard, Churan, Guitton & Pack, 2009; Maij, Matziridi, Brenner & Smeets, 2010) . According to the model, a peak and/or trough and their relative sizes is a result of the manner in which the exR signal and consequent PL signal changes relative to a saccade. When the PL signal changes prior to the onset of the saccade, flash mislocalization occurs in the direction of the saccade. If this signal continues to change at the onset of the saccade, this concurrence is responsible for a peak of mislocalization. On the other hand, when the PL signal changes after the onset of the saccade, flash mislocalization occurs opposite to direction of the saccade. If the signal continues to change at the end of the saccade, the result is a trough of mislocalization. According to the model, then, if the signal changes from before until the end of the saccade, this yields a peak without a trough (see Fig. 4) , and if the signal changes from the onset of until after the saccade, the outcome is a trough with no peak (see Fig. 4 ). But if the PL signal changes before, during and after a saccade, this gives rise to both a peak and a trough (see Figs. 2 and 3) , where the amount of PL signal change at each time determines the size of the peak relative to that of the trough (i.e., a large peak and a small trough; a medium peak and a medium trough; or a small peak with a large trough).
The variation in exR signal onset, besides producing peaks and troughs, bears a resemblance to data from an experiment conducted some years ago by Bischof and Kramer (1968) . In this work, a flash was presented against background stimuli at various times before, during and after a saccade. The overall results showed mislocalization similar to what has been found by others (e.g., Bockisch & Miller, 1999; Dassonville et al., 1992; Honda, 1990; Matin, 1976) , that is, mislocalization in the direction of the saccade followed by mislocalization in the opposite direction. However, the total range of retinal loci stimulated by flashes was divided into subsets and mislocalization was plotted as a function of time for each of the subsets. This analysis clearly showed that the mislocalization was different for each subset and especially that the onset time of the mislocalization increased across the retina according to the direction of the saccade. That is, consistent with the R-exR model, these results indicate an exR signal whose onset time changes systematically across the retina.
The R-exR model is also similar to a recent proposal by Wurtz (2008) . Based on physiological studies (see below: The mechanism associated with the exR signal), he raises the possibility that variation in the onset time of perisaccadic remapping of receptive fields could be a primary factor responsible for compression. That is, he suggests that the onset of remapping varies over time from retinal loci associated with the initial fixation target towards and beyond retinal loci for the saccadic goal target.
Attention could be associated with mislocalization
The R-exR model claims that the difference between flash mislocalization in the dark and with background stimuli is a result of a difference in the onset of the exR signal (compare Figs. 2 and  3) . What, then, is it about the dark versus background stimuli that might influence the characteristics of the exR signal?
A variety of studies show that around the time that a subject makes a saccadic eye movement, the subject's visual attention shifts from the initial fixation point towards the goal location (Deubel, 2008; Deubel & Schneider, 1996; Hoffman & Subramaniam, 1995; Hutton, 2008; Kowler, Anderson, Dosher, & Blaser, 1995; Sheliga, Riggio, & Rizzolatti, 1994 , 1995 . Furthermore, cortical and subcortical visual areas concerned with such shifts of attention produce neural responses that vary according to stimulus features of the targets of interest (Basso & Wurtz, 1998; Li & Basso, 2005 Luck, Chelazzi, Hillyard, & Desimone, 1997; Reynolds & Chelazzi, 2004; Reynolds & Desimone, 1999; Reynolds, Pasternak, & Desimone, 2000; Schall, 1991 Schall, , 1995 . Thus, it seems reasonable to consider the possibility that a subject's shift of visual attention in the preparation for and execution of a saccade may be different in the dark than in the face of features of a particular background. In the dark, a subject might not have a good appreciation of spatial distance and location. As a result, in making a saccade, the shift of visual attention from the starting point to some peripheral location may be imprecise both spatially and temporally. Of importance here, such attentional imprecision might have an effect on any number of saccade related processes. One such process may be the saccadic exR signal that, as a consequence of attentional imprecision, changes more or less at the same time across the retina. In the face of background stimuli, however, the subject has a clear sense of the initial fixation location with respect to a peripheral goal location (whether or not targets are continuously present at the two locations). So, in preparation for a saccade, visual attention directed towards the fixation location might initiate a change in exR signal for retinal loci associated with the fixation location and nearby space, and then, as the saccade is executed, visual attention, shifting towards the goal location, might induce a subsequent change in the exR signal for retinal loci associated with the goal location and beyond. In short, the exR signal onset time varies across the retina.
R or exR signal variation may affect mislocalization
Along with the onset time of the exR signal, the overall features of the R signal and/or exR signal could have an influence on mislocalization. Target flash configuration and duration, for instance, were different in the two studies considered here: Honda (1993) used a small, round flash lasting for 2 ms, whereas Morrone et al. (1997) used a long, vertical flash lasting for as long as 8 ms. Such differences could have resulted in differences in the R signal (see Bowen, Pola, & Matin, 1974) and thus differences in mislocalization. Related to this, two recent studies (Georg, Hamker, & Lappe, 2008; Zhang, Cantor, & Schor, 2008) demonstrated that flash luminance can influence flash mislocalization. Georg et al. (2008) showed that as flash luminance decreased, mislocalization noticeably increased. Zhang et al. (2008) investigated mislocalization as they varied the luminance of a single flash and the relative luminance of one of two successive flashes. In both the single and two flash cases, they were able to explain some of the main features of the mislocalization by a R signal interacting with an exR signal according to the R-exR model. However, for flashes presented just before the saccade, the mislocalization seemed to be affected by saccadic suppression. Along with the target flash, there could also be differences in the exR signal from one subject to another, either within an experiment or across experiments. Some subjects may have a relatively fast changing exR signal, whereas others may have a somewhat slower signal. Although the details and variation of R and exR signals are not known from the data in the studies considered here, Fig. 5 illustrates the extent to which they might influence peak and trough mislocalization.
The flash interacting with background stimuli may also affect mislocalization
The above considerations show that the R-exR model can provide an explanation for many of the attributes of target flash mislocalization. In particular, the model is able to explain Honda's (1993) and Morrone, Ross and Burr's (1997) data (Figs. 2-4) showing that, for the most part, mislocalization in the direction of the saccade began before the saccade onset with a peak near the onset. It can also explain Honda's (1993) results that mislocalization opposite to the saccade began at about the saccade onset with a trough near the saccade end. Nevertheless, the model, as given here, does not account for all features of the mislocalization.
One such feature is that trough mislocalization can appear at the saccade onset (see Fig. 4 ). What might be responsible for this difference between the model and experimental findings? One possibility is that mislocalization is affected by the flash interacting with the spatial and temporal aspects of a given background. In early experiments, Matin and colleagues (Matin, 1976; Matin, Matin, Pola, & Kowal, 1969) showed that the perceived location of a perisaccadic flash in the presence of a small round target was different from that of a flash in the dark. Recently, Maij, Brenner, Li, Cornelissen and Smeets (2010) found that mislocalization of a flash, occurring just before a saccade, was affected by the direction in which the saccade goal target jumped during the saccade. Related to this, Sogo and Osaka (2002) showed that perisaccadic flash mislocalization appeared to begin earlier in time when followed by a second flash than when the flash was presented alone. Along with these perceptual findings, neurophysiological investigations by Krekelberg, Kubischik, Hoffman, and Bremmer (2003) suggest that non-linear interactions between a perisaccadic flash and visual references, such as the saccade goal target, may influence flash mislocalization. Of course, exactly which aspects of a background might have an effect on peaks and/or troughs of mislocalization remains to be determined.
Another aspect of flash mislocalization not explained by the RexR model is the difference in time interval over which the mislocalization occurs in the dark versus with a background. In Honda's (1993) data, flash mislocalization in the dark for all targets was spread over a time-interval of about 300 ms (Fig. 2) , whereas the mislocalization with the background stimuli took place over only about 100 ms (Fig. 3) . Morrone, Ross, and Burr's (1997) results show that mislocalization with a background unfolded over a time-interval of about 100 ms (Fig. 4) . Once again, a plausible account of this difference has to do with the flash interacting with background stimuli (Krekelberg, Kubischik, Hoffman, & Bremmer, 2003; Maij, Brenner, Li, Cornelissen & Smeets, 2010; Matin, 1976; Sogo & Osaka, 2002) . According to the R-exR model, the time-course of the PL signal in the dark determines the time-interval of the consequent flash mislocalization. Although the model argues that the exR and thus the PL signal is modified by the presence of background stimuli, it seems likely that the resulting mislocalization is also constrained and limited by the flash interacting with the background. That is, this interaction has the effect of reducing the relative magnitude of mislocalization (whether it involves peaks and/or troughs), especially the smaller amounts of mislocalization before and after a saccade. This reduction, perhaps eliminating some of the mislocalization before and after the saccade, results in a decrease in the overall duration of the mislocalization.
The R-exR model compared with other models for mislocalization
In contrast to the R-exR model, most of the models concerned with compression of visual space entail stimulus-invariant mechanisms: i.e., an inverse Gaussian signal, perisaccadic changes in visual receptive fields, logarithmic magnification across visual cortical areas, or an internal signal that both enhances and distorts the visual response. These mechanisms imply that the compression should be more or less the same whether a flash is presented in the dark or against a background, which does not seem to be the case according to experimental data. Furthermore, unlike the R-exR model, these models cannot in any obvious manner produce the combinations of peaks and troughs that appear in the data (i.e., a large peak with no trough, a peak with a medium to small trough, a medium to small peak with no through, and no peak with a large trough).
Instead of the exR signal, it might seem that the R signal time delay varying across the retina could serve as well as an explanation of compression of visual space. However, both the R-exR model and experimental data suggest that this is unlikely. According to the R-exR model, mislocalization (with or without compression) can be understood as arising from the overlap and interaction of R signal persistence with the temporal course of the exR signal. That is, whether the R signal delay is short, medium or long, it is the overlap that is primarily responsible for mislocalization.
This does not mean that R signal delay has no ramifications. For instance, a possible result of the fact that mislocalization is plotted as a function of the time of flash occurrence is that differences in R signal delay from one study to another give rise to differences in the onset of mislocalization. As an example, if R signal delay is shorter in experiment A than in experiment B, then the mislocalization function would occur at a later time (relative to the saccade) in experiment A than in experiment B. In fact, it may be that a difference in R signal delay (as well as background stimuli -see above) is involved in trough mislocalization occurring at a later time in Fig. 3 than in Fig. 4 .
In spite of these considerations, let us entertain the possibility that changes in R signal delay across the retina are in some manner responsible for compression. Let us say, in the case of a rightward saccade, that R signal delay tends to be longer for retinal loci stimulated by flashes in the left visual field than it is for retinal loci stimulated by flashes in the right visual field. In this scenario, the long delay (coming from flashes in the left field) results in more or less peak mislocalization, whereas the short delay (coming from flashes in the right field) yields trough mislocalization. One problem with this conception is that it raises the possibility that a flash in the left visual field producing a short R signal delay would also bring about trough mislocalization. However, such mislocalization has never been observed, either in the dark or with background stimuli. For instance, when luminance was varied for flashes presented in the visual field opposite to that of the saccade endpoint (Georg et al., 2008; Zhang et al., 2008 ) -where luminance would be expected to affect R signal delay -the result was substantial changes in the amount of peak mislocalization, but never a trough.
Besides R signal time delay, it might also seem reasonable to suspect that saccadic suppression, which can have a notable affect on perisaccadic flash mislocalization (Zhang et al., 2008) , plays a role in compression. If this were so, then substantial compression should occur when a saccade is made in the dark as well as with a background, which is not found.
The mechanisms associated with the exR signal
A central component of the R-exR model is a saccade generator that, along with an efferent signal, produces an exR signal that travels to visual perception. As suggested in previous work (Pola, 2004 (Pola, , 2007a , the exR signal may arise from a local feedback circuit responsible for creating the pulse of neural activity necessary for the high velocity of a saccade (Pola, 2002; Quaia, Lefevre, & Optican, 1999; Waitzman, Ma, Lefevre & Wurtz, 1991; Zee, Optican, Cook, Robinson & Engle, 1976) . According to this type of feedback model, a reference signal of desired change in eye position drives the mechanism for creating the pulse. As the pulse unfolds in producing a saccade, an integral of the pulse, serving as a feedback signal, subtracts from the reference signal. The functional import of this model is that when the feedback signal approaches a value equal to that of the reference signal, the signal driving the pulse mechanism goes to zero, pulse activity ceases, and the saccadic movement comes to an end, presumably at or near its goal eye position. It should be clear that the feedback signal has a time course essentially mirroring that of the saccade, and thereby could provide an exR signal for perceived location. According to the R-exR model, the exR signal passes through a time-component and nthorder lag to interact with an R signal in the visual perception mechanism. Both the time-component and lag could be a consequence of the features of the neural transmission system between the pulse generation mechanism and visual perception areas of the cortex.
The manner in which the exR signal affects visual physiology has been the concern of a considerable number of experiments (e.g., Duhamel, Colby, & Goldberg, 1992; Kusunoki & Goldberg, 2003; Nakamura & Colby, 2000 , 2002 Sommer & Wurtz, 2006) . These studies show that around the time of a saccade, visual receptive fields of neurons in, for example, the frontal eye fields (FEF), the lateral interparietal cortex (LIP), and visual cortical areas V3A, V3, V2 and V1 are subject to a ''remapping'' (a shift) across the retina according to the direction and size of the saccade. In most of these visual areas, some of the remapping occurs prior to the onset of a saccade (38% in FEF; 35% in LIP; 16% in V3A; 9% in V3; 2% in V2; and 0% in V1), but most of the remapping occurs at various times after the onset. What is the significance of this distribution of remapping times? It has been suggested that pre-saccadic flash mislocalization is a simple consequence of remapping prior to the saccade (Kusunoki & Goldberg, 2003) . While to some extent this may true, the R-exR model (Pola, 2004 (Pola, , 2007a and recent experiments (Zhang et al., 2008) indicate that pre-saccadic mislocalization along with the overall time course of the mislocalization may be largely determined by the flash R signal as it interacts with the exR signal and/or its neural ramifications (e.g., remapping). However, more important in the context of the present work is the range of times over which the remapping takes place. For example, the onset time of remapping in FEF varies from about 100 ms before the saccade to about 200 ms after the occurrence of the saccade, a total span of about 300 ms (Sommer & Wurtz, 2006) . This variation of onset times is in accord with the differences in onset times of the exR signal across the retina as suggested by the R-exR model. Furthermore, it has been proposed that such variation in remapping participates in compression of visual space (Wurtz, 2008) . That is, early remapping around the initial fixation target may contribute to mislocalization occurring in the direction of the saccade, whereas later remapping at and beyond the saccade goal target may be involved in mislocalization opposite to the saccade. Thus, in line with the R-exR model, variation in the onset time of an exR signal, via remapping, may play a role in visual compression.
